inhibitors [4, 5] and HIV-1 integrase inhibitors [6] . The synthesis of bioactive heterocycles from readily available starting materials using one-pot multicomponent reactions (MCRs) has gained significant interest both from synthetic and medicinal chemists. Multicomponent reactions present a wide range of possibilities for synthesis of bioactive compounds [7, 8] [17] . However, some of the reported methods tolerate disadvantages including long reaction times, harsh reaction conditions and use of toxic and non-reusable catalyst. Therefore, to avoid these limitations, the exploration of an efficient, easily available catalyst with high catalytic activity and short reaction time for the preparation of Furocoumarins is still favored. The possibility of accomplishing multicomponent reactions under microwave irradiation with a heterogeneous catalyst could improve their effectiveness from operating cost and ecological points of view [18, 19] . Microwave irradiation (MWI) is used for a variety of organic syntheses due to short reaction times, easy workup and excellent yields. The scrutinized rate acceleration upon microwave irradiation is due to material-wave interactions leading to thermal and particular effects. The reaction mixture is heated from the inside since the microwave energy is transferred directly to the reagents [20] [21] [22]. The solid catalysts absorb microwave irradiation, thus they can serve as an internal heat source for the reactions.
Introduction
Furocoumarins belong to an important class of compounds which show a wide range of biological activities such as antifungal [1] , antibacterial [2] , vasorelaxant [3] , and can also serve as nuclear factor kappa B (NF-κB)
Recently, nanocatalysts have emerged as an alternating method for the improvement of many important organic reactions. However, when the size of active site is reduced to nanoscale dimensions, the surface free energy is increased significantly [23] .
According to the above results, we used nano ZnZr 4 (PO 4 ) 6 for the synthesis of furocoumarins. In this study, we report the successful synthesis of nanoZnZr 4 (PO 4 ) 6 as an efficient and green catalyst.
ZnZr 4 (PO 4 ) 6 structure ceramics have been interested because of their unique properties and potential applications in diverse fields [24, 25] .
Herein, we wish to report the use of nano-ZnZr 4 (PO 4 ) 6 as an efficient catalyst for the preparation of trans-2-benzoyl-3-(aryl)-2H-furo[3,2-c]chromen-4(3H)-ones using a multicomponent reaction of 2,4′-dibromoacetophenones, benzaldehydes and 4-hydroxycoumarins under microwave irradiation (Scheme 1).
Experimental Chemicals and apparatus
All organic materials were purchased commercially from Sigma-Aldrich and Merck and were used without further purification. A multiwave ultrasonic generator (Sonicator 3200; Bandelin, MS 73, Germany), equipped with a converter/transducer and titanium oscillator (horn), 12.5 mm in diameter, operating at 20 kHz with a maximum power output of 200 W, was used for the ultrasonic irradiation. The ultrasonic generator automatically adjusted the power level. All melting points are uncorrected and were determined in capillary tube on Boetius melting point microscope. FT-IR spectra were recorded with KBr pellets using a Magna-IR, spectrometer 550 Nicolet. NMR spectra were recorded on a Bruker 400 MHz spectrometer with DMSO-d 6 as solvent and TMS as internal standard. CHN compositions were measured by Carlo ERBA Model EA 1108 analyzer. Powder X-ray diffraction (XRD) was carried out on a Philips diffractometer of X'pert Company with monochromatized Zr Kα radiation (λ = 1.5406 Å). To investigate the particle size and morphology of the synthesis structures nanoZnZr 4 (PO 4 ) 6 , FE-SEM images of the products visualized by a HITACHI S4160 Field Emission Scanning Electron Microscope.
Preparation of nanocrystalline ZnZr 4 (PO 4 ) 6 ceramics
ZrOCl 2 was used as zirconium source. First, 1 mmol of ZrOCl 2 ·8H 2 O and 1 mmol of Zn(NO 3 ) 2 ·6H 2 O were added in 15 mL of HO(CH 2 ) 2 OH and sonicated at 30 W power to completely dissolution. Afterward, 0.8 mL H 3 PO 4 (85 %), 4 mmol of NH 4 Cl and 1.4 mL of CH 3 NH 2 water solution (25.0-30.0 %) were added consecutively and sonicated for 30 min. Then, the reaction mixture was transferred into a Teflon-lined autoclave under autogenous pressure at 200 °C for 5 days. When the reaction was completed, dispersed precipitate was obtained. The solid was filtered and washed with distilled water and ethanol several times. Subsequently, product was dried at 50 °C for 5 h and calcined at 700 °C for 2 h. Afterward, the solid was added in 20 mL of DMF and sonicated at 95 W power for 2 h. Finally, the resulting product was filtered, washed with distilled water and absolute ethanol and dried at 150 °C for 2 h in vacuum to afford pure nano-ZnZr 4 (PO 4 ) 6 ceramics.
General procedure for the synthesis of furo[3,2-c] coumarins
A mixture of pyridine (1 mmol) and 2,4′-dibromoacetophenone (1 mmol) was stirred for 1 min to which, subsequently, aromatic aldehydes (1 mmol), 4-hydroxycoumarin (1 mmol) and nano ZnZr 4 (PO 4 ) 6 (2 mol%) in 12 mL ethanol was added under microwave irradiation (400 W) for the 
Trans-2-4′-bromo-benzoyl-3-(4-chlorophenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4d)
White powder, m.p 250-252 °C, IR (KBr) cm 
Trans-2-4′-bromo-benzoyl-3-(2-chlorophenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4e)
White powder, m.p 219-221 °C, IR (KBr) cm 
Trans-2-4′-bromo-benzoyl-3-(4-nitrophenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4f)
Trans-2-4′-bromo-benzoyl-3-(4-methylthiophenyl)-2H-furo [3,2-c]chromen-4(3H)-one (4 g)

Trans-2-4′-bromo-benzoyl-3-(4-bromophenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4 h)
Trans-2-4′-bromo-benzoyl-3-(3-nitrophenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4i)
Trans-2-4′-bromo-benzoyl-3-(4-methylphenyl)-2H-furo[3, 2-c]chromen-4(3H)-one (4j)
White powder6.18 (CH, 1H, J = 5.2 Hz), 7.27-7.51 (m, 6H), 7.47 (
2-Benzoyl-3-3-fluorophenyl-2,3-dihydrofuro[3,2-c] chromen-4-one (4m)
White powder, m.p 210-212 °C, IR (KBr) cm 
Trans-2-4′-bromo-benzoyl-3-phenyl-8-methoxy-2H-furo[3, 2-c]chromen-4(3H)-one (4o)
White powder, m.p 218-220 °C, IR (KBr) cm 
Results and discussion
In the beginning, we prepared nanocrystalline ZnZr 4 (PO 4 ) 6 ceramics. The particle size diameter (D) of the nano-ZnZr 4 (PO 4 ) 6 has been calculated by the DebyeScherrer equation (D = Kλ/β cos θ), where β FWHM (fullwidth at half-maximum or half-width) is in radian and θ is the position of the maximum of the diffraction peak. K is the so-called shape factor, which usually takes a value of about 0.9, and λ is the X-ray wavelength. Figure 1 shows the XRD spectra of nano-ZnZr 4 (PO 4 ) 6 . According to the Debye-Scherrer equation, the average particle sizes of the as-synthesized nano-ZnZr 4 (PO 4 ) 6 were calculated and the results show that nano-ZnZr 4 (PO 4 ) 6 was obtained with an average diameter of 70-75 nm as confirmed by XRD analysis. To investigate the morphology and particle size of nano-ZnZr 4 (PO 4 ) 6 , FE-SEM image of nano-ZnZr 4 (PO 4 ) 6 was presented in Fig. 2 . The FE-SEM image shows particles with diameters in the range of nanometers.
As shown in Figs. 3, the EDS analysis was carried out for nano-ZnZr 4 (PO 4 ) 6 . The EDS spectrum has indicated that only Zn, Zr, P and O elements for ZnZr 4 (PO 4 ) 6 which it supports XRD results.
We focused on systematic evaluation of different catalysts for the model reaction of 2,4′-dibromoacetophenone, pyridine, benzaldehyde, 4-hydroxycoumarin as a model reaction. The model reactions were carried out in the presence of various catalysts, such as morpholine, ZnO, ZnS, ZrO 2 and nano-ZnZr 4 (PO 4 ) 6 . When the reaction was carried out using ZrO 2 and nano-ZnZr 4 (PO 4 ) 6 as the catalyst, the product could be obtained in a moderate to good yield. Nanoparticles exhibit good catalytic activity owing to their large number of active sites which are mainly responsible for their catalytic activity. The best results were obtained under microwave irradiation (400 W) in ethanol and the reaction gave satisfying results in the presence of nano-ZnZr 4 (PO 4 ) 6 as catalyst. When 1, 2 and 3 mol% of nano-ZnZr 4 (PO 4 ) 6 were used; the yields were 78, 85 and 85 %, respectively. Consequently, 2 mol% of nano-ZnZr 4 (PO 4 ) 6 were expedient and excessive amount of nano-ZnZr 4 (PO 4 ) 6 did not change the yields, significantly (Table 1) . When the catalysis was performed under microwave irradiation, the reaction rate increased considerably (entry 10). In this research, microwave irradiation is used as a green and complementary technique for preparation of furocoumarins.
With these hopeful results in hand, we turned to investigate the scope of the reaction by various aromatic aldehydes, acetophenones and coumarines as substrates under the optimized reaction conditions (Table 2) . It was shown that aromatic aldehydes with electron-withdrawing groups reacted faster than those with electron-releasing groups. Meanwhile, it has been observed that better yields are obtained with substrates having electron-withdrawing groups. The highest yields of furo[3,2-c]coumarins were obtained by the electron-withdrawing para-nitro and para-chloro groups as substituent for aromatic aldehydes (Table 2 , entries 4 and 6). Although other electron-withdrawing substituted aromatic aldehydes were resulted in good yield (entries 5 and 9 in Table 2 ) but, due to steric effects, yields are lower than para-position.
In the recycling procedure of nanocrystalline ZnZr 4 (PO 4 ) 6 ceramics, hot CH 3 OH was added to dilute the reaction mixture after terminating the reaction. The catalyst was insoluble in the solvent and was separated by filtering. The recycling ability of the catalyst was tested for nine runs, providing almost similar yields of the desired product (Fig. 4) .
A plausible mechanism for the synthesis of furo[3,2-c] coumarins using nano-ZnZr 4 (PO 4 ) 6 is shown in Scheme 2. First, we supposed that the reaction occurs via a Knoevenagel condensation between benzaldehyde and 4-hydroxycoumarin to form the intermediate I on the active sites of nano-ZnZr 4 (PO 4 ) 6 which are mainly responsible for their catalytic activity. Then, the Michael addition of pyridinium ylide with enones affords the zwitterionic intermediate and followed by cyclization affords the titled product. The final step is a classic intramolecular S N 2 substitution reaction. The stereochemistry of the S N 2 reaction necessitated nucleophilic enolate attack from the back side of the electrophilic carbon atom bearing the leaving pyridinium group, which afterward assumes 2-benzoyl and 3-aryl groups in a stereochemical opposite position for the sake of steric hindrance in transition states. Thus, only trans isomeric 2,3-dihydrofuran is obtained as only product [13] . In this proposed reaction mechanism pyridine plays very important role. It acts as a nucleophilic tertiary amine to form zwitterionic salt and acts as a good leaving group to finish the intramolecular substitution reaction. In this mechanism, the nano-ZnZr 4 (PO 4 ) 6 act as Lewis solid acid and activate the C=O group for better reaction with nucleophiles. The solid catalysts absorb microwave irradiation, thus they can serve as an internal heat source for the reaction.
The observed stereoselective formation of trans-2-benzoyl-3-(aryl)-2H-furo[3,2-c]chromen-4(3H)-ones is in agreement with the lower heat of formation of trans isomer, which is more stable than its cis isomer, as estimated using PM3 calculations [10] . The structures of the prepared trans-2-benzoyl-3-(aryl)-2H-furo [3,2-c] IR spectra and elemental analysis. For example, in the 1 H NMR spectra of 4a, the two protons at 2,3-position of dihydrofuran ring display two doublets at 4.82 and 6.11 ppm with the vicinal coupling constant J = 5.2 Hz. The similar peak pattern and coupling constant less than 6.0 Hz were also seen in other 1 H NMR spectra of prepared furo[3,2-c]chromen derivatives. It has been established that in cis-2,3-dihydrofuran the vicinal coupling constant of the two methine protons J = 7-10 Hz, while in trans-2,3-dihydrofuran vicinal coupling constant J = 4-7 Hz [14] .
Conclusion
In conclusion, we have developed a flexible, green and highly efficient protocol for the synthesis of trans-2-benzoyl-3-(aryl)-2H-furo[3,2-c]chromen-4(3H)-ones catalyzed by nano-ZnZr 4 (PO 4 ) 6 . Present method tolerates most of the substrates, and the catalyst can be recycled at least nine times without considerable loss of activity. The advantages of this method are the use of an efficient catalyst, using of microwave as clean method, recoverability of the catalyst, little catalyst loading, low reaction times and easy separation of products. The present work demonstrates the advantages of microwave irradiation-assisted heterogeneous catalysis in the synthesis of furocoumarins; compounds that generate great attention in many applications, particularly, in medicinal chemistry and drug discovery. 
